Human cystatin C (HCC), a cysteine-protease inhibitor, exists as a folded monomer under physiological conditions but has the ability to self-assemble via domain swapping into multimeric states, including oligomers with a characteristic doughnut-like structure. The structure of the monomeric HCC has been solved by X-ray crystallography, and a covalently linked version of HCC (stab-1 HCC) is able to form stable oligomeric species containing 10-12 monomeric subunits. We have performed molecular modeling, and in conjunction with experimental parameters obtained from AFM, TEM and SAXS measurements, we observe that the structures are essentially flat, with a height of about 2 nm, and the distance between the outer edge of the ring and the edge of the central cavity is circa 5.1 nm. These dimensions correspond to the height and diameter of one stab-1 HCC subunit and we use these measurements, along with molecular dynamics simulations, to propose a model for a stab-1 HCC dodecamer structure that appears to be the most likely structure. Given that oligomeric species in protein aggregation reactions are often transient and very highly heterogeneous, the structural information presented here on these isolated stab-1 HCC oligomers may provide useful information to further explore the physiological relevance of different structural species of cystatin C in relationship to protein misfolding disease.
Introduction
Human cystatin C (HCC), containing 120 amino acids, belongs to the cystatin type 2 superfamily (1, 2) , and is a potent inhibitor of papain-like (C1) and legumain-like (C13) cysteine-proteases (3, 4) . In humans, HCC was originally identified in cerebrospinal fluid (CSF), but has subsequently been found in other bodily fluids and tissues (5) (6) (7) . The wild-type (WT) form of HCC is a component of amyloid deposits in, mostly elderly, patients with sporadic cerebral amyloid angiopathy (8) . Interestingly, the L68Q variant of HCC is associated with a rare hereditary cystatin C amyloid angiopathy, where the protein forms amyloid deposits in patients suffering from hereditary cerebral hemorrhage with amyloidosis (8) (9) (10) . To date, the crystal structures of monomeric and dimeric WT HCC have been characterized, the latter in two polymorphic forms (11) (12) (13) , along with monomeric and dimeric crystal structures of several HCC mutational variants (14, 15) . Under physiological conditions WT HCC is a monomer, but when crystallized the protein readily forms domainswapped dimers and when subjected to mildly destabilizing solvent conditions, it forms a number of oligomeric states and fibrils through this domain swapping phenomenon (12, 16 ).
An engineered variant of cystatin C (stab-1 HCC), which contains an additional disulfide bridge (L47C-G69C), stabilizes the monomeric form of the protein and reduces the ability of the protein to form fibrils (14, 17) . Stable oligomeric species of stab-1 HCC can be formed following incubation of high concentrations of monomeric protein at pH 7.4 in the presence of 1M guanidinium hydrochloride and the reducing agent, dithiothreitol (16) . These oligomers can be separated by size-exclusion chromatography (SEC) and are SDS-resistant but reducing agent sensitive, suggesting that intermolecular disulfide bonds stabilize the oligomers. By gel electrophoresis analysis, it is possible to isolate oligomers that have molecular weights which correspond to the size-range for decamers to dodecamers. These oligomer species do not retain their ability to inhibit papain-like cysteine proteases which indicates that the N-terminal loops 1 and 2 are not accessible, suggesting that these oligomers are formed via a domainswapping mechanism (16) .
Interestingly, the A11 antibody, designed to bind to soluble oligomers of the Aβ peptide, whose aggregation is associated with Alzheimer's disease, is able to recognize a number of oligomeric species composed of different peptides and proteins (18) , and has a weak affinity for the doughnut-like cystatin C oligomers (16) . This observation suggests that structural commonalities exist within different oligomeric species and therefore, detailed structural analysis of oligomers from an array of proteins is likely to prove to be insightful for understanding specific mechanisms of protein misfolding. At present, there are approximately 50 diseases linked to protein misfolding and amyloid deposition, including neurodegenerative disorders such as Alzheimer's and Parkinson's diseases, transmissible spongiform encephalopathies (TSEs), and non-neuropathogenic conditions such as systemic amyloidoses and type II diabetes (19, 20) . Although the primary and tertiary structures of the functional states of the peptides and proteins involved with these diseases are diverse, a hallmark of these disorders is the deposition of fibrillar structures which are remarkably similar (21) .
The process of fibril formation involves a heterogeneous mixture of different aggregated species, including the mature fibrils, protofibrils and smaller, oligomeric species (22, 23) .
Given that oligomer species are often transient, heterogeneous in nature and hard to isolate, many methods for producing stabilized oligomeric species have been employed with different protein substrates. These methods include the use of chemical crosslinking (24) , altering ionic strength and buffer conditions (25) , using lyophilization (26) and through chemical modifications (27) . These well-defined oligomer species have been used to search for structural attributes that may be important for pathogenicity, and increasing evidence has suggested that these oligomeric species are likely to be responsible for cellular toxicity through interactions and disruption of cellular membranes (18, (28) (29) (30) . Structural characterization of a range of such oligomer species have shown that they can adopt a number of morphologies, including spherical beads (2-5 nm in diameter), beaded chains, curly chains and ring-shaped (doughnut-like) structures (19, 20) . Though less commonly observed than other types of structures, doughnut-like oligomeric forms have been reported for human cystatin C (HCC) (31) and other amyloidogenic proteins, including α-synuclein, the amyloid β (Aβ) peptide and immunoglobulin light chains (32) (33) (34) .
The aim of this present study is to define a structural model of the stable human cystatin C oligomers by combining information from the crystal structure of monomeric stab-1 HCC (14) , along with experimental measurements of the oligomers obtained using transmission electron microscopy (TEM), atomic force microscopy (AFM) and small-angle X-ray scattering (SAXS) techniques, with molecular dynamics simulations. Using these techniques, we propose a dodecamer model of the stab-1 cystatin C oligomers.
Materials and Methods

Production of stabilized oligomers
Covalently stabilized oligomers of human cystatin C (stab-1 HCC) were produced and purified as described previously (16) and the samples for transmission electron microscopy and atomic force microscopy measurements were isolated by size-exclusion gel chromatography as previously detailed, and kept in sodium bicarbonate buffer (50 mM, pH 7.8, 4°C) prior to imaging.
Transmission electron microscopy
Stab-1 HCC oligomer solutions (3-5 μL) for characterization by TEM were applied to carboncoated 400 mesh nickel grids (TAAB Laboratory Equipment Ltd., Aldermaston, UK), allowed to adsorb for 60 s and then blotted using filter paper. Samples were stained with 2% (w/v) uranyl acetate for 30 s, and washed with deionized water. The samples were imaged on a FEI Tecnai G2 transmission electron microscope at the Cambridge Advanced Imaging Centre (CAIC), University of Cambridge, UK. Images were recorded using the SIS Megaview II Image Capture System (Olympus, Tokyo, Japan). Analysis of the resulting TEM images was performed using ImageJ (35) .
Atomic force microscopy
Topographic images of the oligomers were collected using a NanoWizard AFM system (JPK Instruments AG, Berlin, Germany). Purified samples were first diluted in deionized water by a factor of 1000-5000, to give concentrations of ~2-10 pM. These solutions (5-10 μl) were placed on freshly prepared mica surfaces, adsorbed for 10-20 min, gently washed with small amounts of deionized water and dried using nitrogen gas. AFM imaging was performed in the intermittent (air) contact mode using a silicon nitride cantilever. The analysis of the images was carried out using Gwyddion 2.45software (36) .
Small angle X-ray scattering
The small angle X-ray scattering (SAXS) data for solutions of stab-1 HCC oligomers (1.1 mg/mL) were collected on the BioSAXS X33 bending magnet beamline, operated by EMBL (37, 38) at the DORIS III storage ring of DESY (Hamburg, Germany). The experiments were conducted in a standard manner using an autosampler, a hybrid photon counting detector (Pilatus 1M-W, Dectris, Baden-Daettwil, Switzerland) and synchrotron radiation (= 0.15 nm). The data were processed using PRIMUS (39) from the ATSAS package (40) , and the radius of gyration (Rg) was calculated by fitting of the SAXS data in the s-range from 0.124 to 0.247 nm -1 (sRg<1.3, s=4sin/, where  is a scattering angle) to the Guinier equation (1)
The universal Rg calculator (41) , was used to define the geometric parameters of the images that best depicted the shape of doughnut-like oligomers.
Molecular dynamics simulations
Preparation of initial models
Preliminary models of stab-1 HCC decamers and dodecamers were constructed using the crystal structure of the stab-1 HCC monomer (PDB: 3GAX) (14) . The subunits (HCC monomers) were assembled into oligomers using the docking server SymmDock (42). For the construction of the initial atomic models of the oligomers, two types of oligomers containing 10 and 12 monomer-like subunits were defined on the basis of previous gel filtration analysis (16) , and the structures of the oligomers were obtained by the geometrical matching of the given subunits in space. The parameters (oligomer diameter, height and inner cavity diameter) determined from the TEM and AFM measurements were used as the initial geometric parameters. These dimensions suggest that the rings are composed of individual monomerlike subunits arranged in a circular shape. From the final set of 100 structures for each oligomer type produced using SymmDock, only those models satisfying the experimental geometrical and structural conditions were considered further. Once these models were selected, a fragment of the polypeptide chain (Pro78-Asn79) for which electron density is missing in the X-ray structure (3GAX) was built using Swiss-pdb Viewer 4.1, and the exchange of the subdomains, up to position Ala58, was implemented manually according to the domain swapping mechanism observed in the native HCC crystal structure (11) (12) (13) . The atomic positions of the residues in the N-terminal segment of the polypeptide chain (residues 1-58) were transferred from the first stab-1 HCC monomer-like subunit to the second one, with the rest of the first chain remaining unaltered. This phase of the modelling was conducted in JOE (operating in the Linux environment). Analogous procedures were performed for all subunits in the selected models of the stab-1 HCC decamers and dodecamers prior to the molecular dynamics simulations in AMBER.
Simulations using AMBER
Molecular dynamics simulations of the doughnut-like oligomers (decamers and dodecamers)
were carried out using the PMEMD module of the program SANDER from the AMBER 12 package (43, 44) , employing the graphics processing units (GPUs) (45) . Preliminary minimizations of the initial oligomeric structures were performed in two steps, the first involving minimization in vacuo and the second in implicit solvent. Each minimization cycle was completed within 10,000 steps, where each step was 2 fs in duration, and both the minimization steps and the molecular dynamics simulations were conducted in the presence of restraints. As the domain swapping process was carried out manually, no bonds were 
Results and Discussion
Overall morphology of the stab-1 HCC oligomers TEM and AFM images were used to determine the overall geometric parameters of the stab-1 HCC oligomers that were isolated from size exclusion chromatography and correspond to 10-12 subunits. These samples provided the reference data for the construction of the initial molecular models of the oligomers. Representative TEM images, illustrating the morphology of the oligomers are shown in Figure 1 . It is clear that a number of small, ring-like aggregates are present within the sample and that the predominant species appear to be approximately circular, having a diameter of 20-30 nm with a distinctive central cavity, in agreement with previous observations (31) . Some larger oligomers, of the order of 50 nm in diameter, and also the occasional short fibrillar species (Figure 1 Top, enlargement of the images of stab-1 HCC oligomers observed by TEM. The diameter is indicated by "d1" and the distance between the inner and outer ringis defined as "d2". Bottom, variations in in d1 and d2 are likely to be due to the differences in the electron density of the contrasting uranyl acetate adsorbed to the oligomer surface. Scale bars are 10 nm in each case.
To complement the TEM analysis, we used atomic force microscopy (AFM) to provide independent evidence about the overall morphology of the stab-1 HCC oligomers and also to determine the heights of the individual oligomers. Representative AFM images are shown in Figure 3 , with the predominant species displaying the spherical morphology observed in the majority of the TEM images. The cross-sectional profiles (Figure 3, right panel) , indicate that these circular oligomers have heights in the range of 1.6 to 2.5 nm and diameters of 20-30 nm which is slightly larger than what was observed by TEM. However, the AFM measurements were not calibrated to give accurate XY plane measurements in these experiments, and therefore these diameters may be over-estimated. The height measurement of the oligomers were therefore taken from the AFM studies, and the values for the diameters were based on the TEM measurements. The crystal structure of the stab-1 HCC monomer shows that the protein molecule has a diameter of approximately 2.5-3.0 nm (excluding the hydration shell on the protein surface) (PDB code: 3GAX) (14) . Despite the possibility of errors in the heights measured by AFM as a result of strong adhesion to the mica surface, the value of 2 nm corresponds to a single layer of stab-1 HCC subunits.
Structural parameters of the stab-1 HCC oligomers in solution
SAXS studies of the stab-1 HCC oligomers in solution involved the use of synchrotron radiation which has a risk of causing the reduction of the disulfide bridges that stabilize the overall structure of the HCC subunits and also the oligomers. We know that human cystatin C and its variants are sensitive towards synchrotron radiation and prone to aggregation (51) . A detailed inspection of each of the recorded frames was therefore carried out and only those frames that did not show an evidence of radiolysis were selected for further analysis. The radius of gyration (Rg) for the oligomers was determined by fitting the SAXS data ( Figure S1) to the Guinier equation. The result of the analysis gives a value for Rg of 5.28 ± 0.13 nm.
As a consequence of the limited s-range of the SAXS data due to the low available protein concentrations and some size polydispersity, a degree of heterogeneity is likely to exist. For these reasons, we were not able to conduct ab initio modeling but instead defined the geometric parameters of the flattened doughnut-like structure, which best depicts the stab-1 HCC oligomers using the universal Rg calculator (41) . These calculations indicate that the outer diameter of the doughnut-like structure is 20-23 nm, the height is 2.4-2.6 nm and the inner diameter is 7-8 nm. These values are consistent with the height and diameter parameters determined for a single stab-1HCC subunit of 16-24 nm (outer diameter) and 1.6-2.5 nm (height), obtained from TEM and AFM measurements. This information was therefore used to define reference parameters for the construction of the initial models of the stab-1 HCC doughnut-like oligomers, which were required as input into to molecular dynamics simulations ( Table 1) . *The inner diameter is defined as the distance between the outer edge of the internal cavity and the outer edge of the whole ring structure.
Preliminary models of the stab-1 HCC oligomers
Two subtypes of stab-1 HCC oligomers, the decamers and dodecamers, were selected for molecular modeling on the basis of the geometric parameters, derived from TEM, AFM and SAXS data (Table 1) , and also on criteria based on previously published biochemical studies (16) . It has been shown previously that the stab-1 HCC oligomers are not capable of inhibiting the protease papain, indicative of the papain-binding site (N-terminal loops 1 and 2) being buried within the oligomer structure, whereas the oligomers are still capable of inhibiting the activity of legumain, confirming that this part of the cystatin C structure is still available for protease-binding (16) . As these earlier studies strongly suggest that the domainswapped dimeric structure is maintained, this was incorporated after selection from the initial modeling. For both the decamer and dodecamer oligomers, a geometric alignment of the HCC subunits using the stab-1 HCC monomeric crystal structure (PDB: 3GAX) and the SymmDoc platform (42) was performed. From a pool of 100 potential structures for each oligomer type obtained in this way, several sub-families of structures were selected, differing to a small degree in the relative positions of the subunits.
Some of the models selected did not match the geometric parameters defined by the TEM, AFM and SAXS experimental data and these models were not taken forward into the molecular dynamics simulations. The models for the decamers and the dodecamers were compared and representative models from each of these sets were selected for future analysis.
At this stage, three models of the stab-1 HCC decamers were selected for further MD simulations as the overall arrangement of subunits was different in each after the initial docking procedures, interestingly, one of these models was very unstable and lost its secondary and tertiary structures during the initial steps of the MD simulations; it was therefore excluded from further studies. A similar approach was taken for the dodecamer models, where just one dodecamer model was selected, which consisted of a very similar arrangement of subunits to the selected decamer models. All the initial models of stab-1 HCC decamers and dodecamers are shown in Figure S2 .
After selection of the starting models obtained from SymmDock, the fragment of the polypeptide chain (Pro78-Asn79) that is missing in the 3GAX structure was built using Swiss-PdbViewer v4.1 (52) , and a domain exchange between neighbouring units in the oligomers was implemented as shown in FigureS3. This exchange was based on the domain swap mechanism observed in the native HCC crystal structures, in which the N-terminal fragment of the polypeptide chain (residues 1-58) were transferred from the first stab-1 HCC subunit to the second one, with the rest of the chain remained unaltered (11) (12) (13) . With these additions, the models were used for the molecular dynamics simulation step in AMBER.
Molecular dynamic simulations of the stab-1 HCC oligomers
After selecting the preliminary models as described above, we examined the structural and conformational stabilities of these stab-1 HCC oligomers using molecular dynamics simulations using the AMBER program package and the AMBER force field. To distinguish between the two decamer models, we denote them as stab-1 HCC decamer Model 1 and stab- The appending structure (AS) is the broad random-coil region between strands β3 and β4 (12) .
After the simulations, it was clear that the increase in RMSD is largely related to changes in the secondary structure within the oligomer models, as the tertiary structure and the overall shape, size and position of the stab-1 HCC monomer-like subunits within the oligomers do not change significantly (Figure 4a ). For all the models of the stab-1 HCC oligomers, a partial loss of secondary structure is particularly evident within the β2 sheet and the L1 loop, which participates in domain swapping (Figure 4b) . Thus, the structure for the entire subunit changes after domain swapping and resultsin the formation of a loop in place of the β sheet structure of the native state. A comparison of the secondary structure content within the final oligomer models to that of the stab-1 HCC monomer (PDB code: 3GAX) and the HCC dimer (PDB code: 1G96) is shown in Table 2 . The highest degree of secondary structure within the polypeptide chain is present in decamer Model 1, with decamer Model 2 having the largest disruption to the secondary structure elements relative to the native monomer and dimer, containing a random coil fraction of 43% (12, 31) . Table 2 and 3). In comparison to the initial model used for the MD simulations, the outer edge of this model has shifted to the interior of the oligomer structure, creating a bowl shape. The height of this oligomer also increases to 3.5 nm, a value that is higher than estimated from AFM measurements (1.6-2.4 nm). In contrast, the diameter of decamer Model 2 is 0.5 nm smaller than that observed for the decamer Model 1. Overall, the HCC dodecamer is the most energetically stable structure in the MD simulations and the dimensions of the proposed model are in closest agreement with the structural parameters of the circular oligomers obtained from experimental studies (TEM, AFM and SAXS) ( Table 3) . *Inner diameter is defined as the distance between the internal cavity and the outer ring structure
The conformational stability of the oligomers and their secondary structure depends on the presence of arrays of hydrogen bond networks that not only stabilize the structure of the particular subunits, but which are also observed to form between different subunits via domain swapping; a key factor for the stability of the entire oligomeric structure. For the dodecamer model, stable hydrogen bonds between two domains within the same subunit are 
Conclusion:
As a result of the good correlation between the MD simulations and the experimental parameters measured by AFM, TEM and SAXS, we propose a model of the stab-1 HCC oligomers in solution as a doughnut-like dodecamer structure. This dodecamer structure is the most energetically favoured of the three models we have examined. Although a small population of larger, cyclic species, as well as short fibrils, have been observed sporadically in TEM images, the majority of the species we have observed experimentally fit well with this proposed dodecamer model.
It is interesting to note that these stabilized HCC oligomers, which do not readily form fibrillar species, maintain a significant degree of native-like structure. Such maintenance of native-like structure has also been reported for WT HCC oligomeric species formed under non-denaturing conditions (54) . These reported oligomers retain native secondary structure and both papain and legumain enzymatic inhibitory function and appear to be non-domain swapped species, but unlike our stabilized oligomers, the average size of those species is that of a trimer (54) . Like the stab-1 HCC oligomers, the reported trimeric non-domain swapped oligomers do not readily proceed to fibril formation of cystatin C (16, 54) .
The stab-1 HCC aggregates analyzed in this study can be isolated and are relatively stable in solution, and this has enabled the detailed study of their structural nature. Using experimental measurements and MD simulations, we propose a dodecamer structural model of the stab-1 HCC doughnut-like oligomers. Given the generic property of proteins to form amyloid fibrils, mounting evidence that the formation of oligomers is also a commonality amongst diverse substrates is increasing and interestingly, along with oligomers isolated from intrinsically disordered proteins, such as Aβ peptides and α-synuclein, a number of structural studies have been reported for oligomers formed by proteins which have globular native structures, such as hen egg-white lysozyme, transthyretin, HypFN, acylphosphatase and cystatin C (55) (56) (57) (58) . With the growing importance of understanding the biological significance of oligomeric species, the structural information presented here on the stab-1 HCC oligomers provides further information on the nature of such species.
